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Abstract

Maneuvering aircraft continuously
operate 1n the regime of rapidly changing,
time-dependent flow fields and it is well
escablisned that certain predictable and
controlled unsteady flows enhance aircraft
maneuvering capability. However, any
attempt to apply unsteady flow mechanisms
to inflight venicles must be preceded by a
thorough analysis of rthe basic fluid
dynauwics of unsteady leading edge and
wingtip vortices. This study focuses on
tne vortex-vortex interactive region
produced on a rectangular wing when
oscillating through sinusoidal morions
about the quarter chord. Since flow
visualization permicts initial qualitative
investigation of complex flow structures,
phase-locked, stroboscopic photography was
utilized for initial data collection.
Quantitative data were collected usinyg
hotwire anemomecry and surface pressure
measurewents. Tne flow visualization
analyses across the span of the wing snhow
repeatable patteras of leading edge and
wingtip vortex size, developmenc, position
and convection velocity throughout the
pitching cycle. These dynamic fluid
characteristics are confirmed and
partially quantified using hotwire probe
velocities and surface pressure
measurements. A reasonably thorougn
analysis of this phenomenon is now
feasible. A representative sampling of
the data 1s presented along with thne
hypotheses formed and confirmed during the
tnree investigations. Tnese experiments
provide an inicial data base for
comparison and validation of computational
codes for the prediction of force and
monent intformation about a dynamic control
surface.

*Lct Col, USAF
Assnclace Professor of Aeronaucics,

U. S. Air Force Academy, Colorado Spgs, Co
Menber AIAA

**Captain, USAF

Assistant Professor of Aeronautics,

U. S, Ailr Force Academy, Colorado Spgs, Co

Member AIAA

***pPruofessor, Department of
Aerospace Engineering Sciences,
Universicy of Colorado, Boulder,
Meaber ATAA

Co

This paper is declared a work of the U.S. Government and
is not subject to copyright protection in the United States.

Alr Force Acadeay

Colorado 80840-5701!

645

Nomenclature
c Wing chordlengcth (6 inches)
C Nondimensional chord position

measured from the wing leading edge
(discance/c)

Con Force coefticient normal to the
chord line

k Nondimensional reduced frequency
parameter, k = wc/2V,

S Nondimensional spanwise distance
from the wingtip (distance/c)

v Local absolute velocity measured
at the hotwire probe position

Vo Freestream velocity

a Instantaneous geometric angle
ot atctack (degrees)

oy Mean angle of attack (deygrees)

a, Oscillation amplitude (degrees)

% Nondimensional oscillation pnase
angle (% cycle)

w Roctational frequency in radiaans

per second
Introduction

To fully comprehend tne tlight
characcteristics aad maneuvering potential
of agile aircraft in an air-to-air
environment, we must understand the
unsteady phenomena affeccing these highly
dynamic vehicles. Control surtace forces
and moments in this unsteady environment
depend on vortex production, strength,
loiter time on the wing and vortex-vortex
incteractions. Omission of vortex dynamics
from the analysis of these dynamic flows
would lead to erroneous predicctions that
could cause catastrophic results.
Incorporation of unsteady aerodynaaic
technology into advanced aircraft design
can be achieved only after complecte
understanding of the effects ot unsteaay
tlow fields. The nature of most physical
flows is very predictable, however, a wide
data base is essential for the
computational prediction of flows about
even more aygile maneuvering aircrafec.




The current technology of
computacional technxquesl' provides a
prediction capabilicy tnhat was

unattainable only a few years ago.
However, even now, code validation
requires comparison with some verified
quantity of reliable experimental data.
Experimental results on unsteady flow
fields about two-dimensional airfoils
began with investigations in rotor blade
aerodynam1c56 and progressec into possibie
litt enhancement studies’ ™9 Since
operational wings are necessarily three-
dimensional, the unsteady flow sctudies
continued into three-dimensions 1including
oscillating motionsl0-15, accelerating
flowslo and high rate pitching mocions i/~
%?. Also, experimental investigations®”~
<* into tne feasibility or applying
unsteady flow technology to actual
airrcratt appear prowisiug. Tne
investigation discussed here explores the
intricate flow patterns ot and provides
insignt into the three-dimensional tlow
cnaracte2riscics of tne ledading edge and
wlngtilp vortex interactive region on a
pricning wing.

This analysis coubines flow
visualization, hotwire anemometry and
surtdce pressure measurewments o detilne
the unsteady flow field and vortex-vortex
interacrtion. The qualitative tlow
visualization data was recorded using a

SwoKe Wire technigue. This darca
illusctrates the position and size of the
leading edge and wingcip vortices
throughout the pitcning cycle. Hotwire

measurements above the upper wing surtace
provide quantitative velocity medsurements

across the cnord and span ot tne wing.
Since the hotwire probe positions must be
above the oscillating wing, and since cthe
directionality of unsteady tlows vary,

Surtace pressure medsulepents are
necessdary to more accurately quantity the
flow arfecting tne wing. The pressure
data indicate the vortex posicion and the
magnitude ot the surrtdce velocities as
well as how their characrecistics change
tnroughout the pitching cycle. Tne upper
and lower surface pressure distributcions
are integrated tv give the cyclic noraal
torce coefficient hiscory. This data base
will aid the computactional integration
required for aerodynamic prediction of
forces and mowments produced by three-
dimensional unsceady flows.

the

Methods

Initi1al tlow visualization and
hotwire data were taken in the 16 X 16
inch, low speed wind tunnel at tne
University of Colorado. The tunnel
velocity was set to mailntain a Reynold’s
numher of 40,002 based on the wing
chordlengtn., The Plexiglas wind tunnel
side wall and top allow orthogonal-view,
flow visualization., The wing was
constructed from a NACA 0015 airtoil
section with a tlat endplate fashioned to
the arrfoil shape. The wing was mounted
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horizontally trom tne side wail of the

tunnel and was oscillated about the

quarter cnhord line. Tane trequency of chne
sinusoidal oscillations was sel tO
maintairn a reduced frequency, k, of 1.0.
The mean angle of oscillation was 15° and

tae oscillacion aaplitude was :100.

During the flow visualization tests, a
35muw camera and phase-locked strcboscopic
(10 usec duration) flash unit were used CoO
record tne multiple exposure
phocographsll'l3. A smoke wlre suspended
between top and bottom of the tuanel was
used to produce vertical smoke sheets at
the desired span location or tne each
wing. Spanwilse investigations were
cunducted by positioning tnhne saoke wire at
different intervals along the span of the
wing.

Hotwire anemometry data was recorded
at dynamic conditions ideatic2! tn tne
tlow visualizaction 1avestigations. The
hotwire probe was positioned in a
horizontal plane 1/4 inch above the
quatrter chord of the wing to avoid concact
with the wing during the pitcning @motion.
Seven equally spaced chordwise positions
were tested from the leading edge to tne
trailing edge. The spanwise probe
locations were identical to those used for
the flow visualization data. Velocity
data for ten complete prtching cycles were
computer averaged and plocced. Each run
collected over 200 temporal dacta poiats
and plotted the average velocity trace for
ten cycles. Data were compared COo Che
tunnel freestream velocity. The pitcning
cycle begins with the wing at the maxiaum

angle of attack.
Surface pressure data was collectea
with the wing in the Frank J. Seiler

Research Laboratory 3 X 3 toot low speed
wind tunnel at the United States Air Force
Academy. The data was recorded using 15
surface mounted pressure transducers on
one side of the wing. Complete surface
data was obtained by inverting the wing
and reversing the direction of
oscillation. The wing 1s equipped witn
interchangeable wingtip lengths to aliow a
spanwise investigation ot the pressure
distribution. The data was collected,
digitized, and stored using a Massconmp
5500 data acquisition sysCem. The data
acquisition equipment and calibration
technique are discussed 1n detail
elsewhereld, The pressure port locations
aud model schemdatic are shown in Fig. |.
The data is presented here as tiae-
dependent pressure contour plots dad
normal force coefficients tor eacn wing
span location.

Results

Complete analysis of the unsteady
flow fields about three-dimensional wings
must include both qualitative and
quantitative results. For all data
collection, static tests were conducted as
a baseline condition for comparisons with
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the dynamic (sinuscidal oscillation) data.
The flow visualization technique
determined tne position and size of the
vortex formacions tnroughout the pitching
cycle. The leading edge and wingtip vortex
etfects and interactions were recorded.
Quantitative data included hotwire
velocity wmeasurements. The velocity
fluctuations readily indicate the cyclic
position and magnitude of tne unsteady
vortices. Tne surface pressure data also
indicate the position and transient
passage of the vortices as well as the
nature of existing vortex-vortex
interactions. Al. three data collection
techniques must be utilized to fully
define the flow.

Flow Visualization

A spanwise visualization of the
leading edge and wingtip vortices produced
about the wing at ¢ = 0.3 is snown in Fig.
2. With the smoke sheet introduced at the
wingtip, S = 0.00, a dominant wingtip
vortex is observed. At 8§ = 0.33, the flow
above the wing appears attached with a
shear layer present on the surface of the
wing. As more inboard locations are
investigated, S = 0.5, a leading edge
vortex i3 torming with the vortex center
near the quarterchord. The size ot tne
leading edge vortex increases with inboard
location and reaches a maximum at § =
1.00. As the more inboard locations are

examined, the leading edge vortex size
diminishes. These photographs show the
spatial characteristics of the leading
edge and wingtip vortices across the span
of the ing.

To i1llustrate tne size and convective
characteristics of the leading edge
vortex, Fig. 3 snows flow visualizations
for a complete pitching cycle in 10Z
increments at S = 0.67. At the maxioum
angle of attack, 4 = 0.0, the shear layer
vorticity is coalescing into distinct
vortex patterns. At ¢ = (0.2 and 0.3, a
large leading edge vortex is observed near
the leading edge and a secondary vortex 1s
gseen downstream near the midchord
position. As the cycle continues to pitch
the wing toward the minimum angle of
attack, ¢ = 0.3 to 0.5, the leading edge
vortex becomes less distinct and is pushed
toward the trailing edge by the freestream
flow. Fromé¢ = 0.6 to 0.9, the leading
edge vortex is shed from the trailing edge
and the flow reattaches to the surtface of
the wing.

To illustrate the chordwise and
spanwise location of the leading edge
vortex for the first half of the pitchiang
cycle, a planform view of the wing is
shown in Fig. 4. The leading edge vortex
positions are shown at ¢ = 0.0, 0.25 and
0.5. The leading edge vortex convection
is retarded near the wingtip, and, the
vortex core positions s-em to focus at an
apex near the leading edge at the
wlngtipll’
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Fig. 4. Planform ot Leading Edge Vortex

Position, kK = 1.0

Hotwire Anemometry

Hotwire velocity profiles for two
conplete pitching cycles of the wing are
shown in Fig. 5. Four spanwise locations
are shown to illustrate the velocircy
differences due to span location, The
hotwire probe is located at C = 0.17 to
capture the velocity fluctuations
associated with the formation and
convection of the leading edge vortex.
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Fig.

3.

Photographic Comparisons Over One Pitching Cycle,
k= 1.0, § = 0.67
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S = 0.0(
5= 0.33
S = {.h7
S = 1.37

Velocity profiles at other chord locations
show less pronounced fluctuations in ctne
regions of more diffuse vortex structures.
Toe nhigher velocity peaks are coincidental
with the circumferenctial velocities of the
passing lzading edge vortices and the
lower measured velocities are indicative
ot the vortex inner core passage. Near
the wingtip, S = 0.00, tnhe velocity
fluctuations ar2 due to the wingtip vortex
and are not as significant as ac the more
inboard locations wnere tne leading edge
vortex is dominant. At the next inboard
position, S = 0.33, the probe records tne
peak velocities associated with the
circuaference and core of tne leading edge
vortex. The probe appears to seanse the
uppet pourtion of tne small, cohesive
leading edge structure. Further inboard,

Fig. 2. Spanwise Visualization

Couparisons, k = 1.0, ¢ = 0.3

S = 0.67 and 1.00, tne probe senses the
circumferential and core velocities of a
lurge, conesive leading edge structure.
Early in the pitching cycle, ¢ = 0.0, the
hotwire probe records the high velocities
of the circumference of the initiating
leading edge vortex. As the vorct:x foras,
the core is located at the probe position
and the local velocities are quite low at
the center of the vortex, ¢ = 0.25. As
the vortex convects across the surface of
the wing, the probe records the velocity
recovery to the freestream and higher
value associated with the flow
reattacnment ooserved in the flow

visualizations for s = 0.4 to 0.9. At the
beginning of a new pitching cycle, ¢ =

1.0, the local velocity is again at a peak
value.
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Surface Pressure

Pressure data collected on tne
surface of the wing confirms and
quantifies flow characteristics observed
with the previously discussed experimenctal
techniques. Surface pressure measurements
at the spanwise pressure port locacions
are recorded throughout the pitching cycle
and multiple runs are averaged to obtain
the plots. The pressure coefficient data
tor two reduced frequency values of 0.6
and 1.0 are shown in Fig, . The pressure
coefficient peaks shows tne high values
associated with the passage c¢f cohesive
vortex structures. Therefore, the vortex
strength and position can be traced across
the chord and span of the wing by
observing the pressure coefficient
distribution for complece cycles of tne
picching motion.

At span location S = 0.4 for the k =
0.6 data, nigh cyclic peaks in the
pressure profiles near tne wing leading
edge indicate the presence of the leading
edge vortex. Downstream from thnese peaks,
the absolute value of the pressure
coefficient decreases. At chis span
location, no surface convection of the

00 0.5 10 16 20

Velocity Profiles Across Span, k = 1.0, C = Q.17

leading edge vortex is indicated since the
Pressure ridges do not move to the right
in the data plot as the pitching cycle
progresses. The peaks occur at repeatable
intervals ia the cycle coincident with tne
passage of vortices as observed during

flo visualization tests. At S = 0.6, the
Plotted pressure peaks remain high over
more of the chordlengtn indicating the
pPressure of larger vortices that encompass
more of the forward wing surface. Again,
very little surface convection is
observed. At S = 0.8, the peak in plotted
pressure coefficient occurs aft of the
Quarterchord position. A slignt snift in
the pressure ridge indicates some vortex
tonvection, however, only insignificant
pressure fluctuations are noted at the
tratling edge. The highest pressure peaks
are observed at S = 1.0 and are located
nearly at the midchord position. Some
convection is noted by the shitt of the
Ploctted pressure ridge, but only a small
Pressure peak is recorded at the trailing
edge. More inboard positions, recorded
but not shown, indicate smaller pressure
Peaks, more sanift in tne pressure ridges
and higher peaks at the trailing edge.
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Fig. 7. Normal Force

The k = 1.0 data (note the scale
change on the pressure coefficient axis)
show higher peaks in the pressure
coefficienct data. At tne S = 0.4
position, the peaks are very high and are
confined to tne most forward portion of
the wing chordlength. No convection is
observaed and the coefficient data remains
reasonably constant across uost of tne
chordlength tnroughout the pitching cycle,
As more inboard positions are examined,
the pressure peaks encompass more of tne
wing surface and shift aft on the chord.
At S 0.8 and 1.0, more vortex convection
is noted by the shift in the plotted
pressure ridge as the pitching cycle
progresses.

As a comparison of cyclic torces
produced by these unsteady flows, Fig.
shows the variation of normal force
coefficient with pitching cycle. The four
traces are for different span locatiors at
k = 0.6. These plots show maximum a~aad
minimum values for each span locat.on at
nearly the same point in the pitcning
cycle, The normal force coefficient
fluctuations are greater for _ae §
tnan for the S = 0.6/ but the greatest
variations occur at S = l.y. The mean
value of tne force coetficient at S
is approximately 1.3. Tne mean value
increases with more inboard span location.
The relative magnitudes of the k = 1.0
data saow the gsame trends as the k = 0.6
data. The maxima and minima of the
fluctuacioas for the X 1.0 data are
greater, as predicted hy the pressure
coefficient plots.

7

0.4

1.0

Coefficients,
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0.6

Discussion

The three data collection technigues
of flow visualization, hotwire anemomecry
and surface pressure measurements each
illustrate characteristics of an unsteady
flow field. In combination, these
investigations define and verify
hypotheses whnich can lead to a complece
undersctanding of the flow about an
oscillating planar wing. The location,
size and velocity ot tne leading edge
vortex and the resulting pressure
distribution about the wing caa now be
discussed. The effect of span location
these quantities is also known.

on

The flow visualization experiments
rrovided the initial qualitative data on
the unsteady flow field about this wing. )
The leading edge vortex forms during the
high angle of actack phase of tne pitchning
cycle and coalesces into a cohesive
structure near the leading edge ot the 1
wing. As the cycle progresses, the vortex
becowes larger and then less distinct as
it moves toward the trailing edge of the
wing. The leading edge vortex size was
dependent on proximity to the wingtip and
tne wingtip vortex. The leading edge
structure was small near the wingrtip and
larger near the § 1.0 position. Furcher
inboard, the size decreased with span
location. Near tne wingtip, the leading
edge vortex showed little, if any,
tendency to traverse across the wing
surface. Furcther inboard, this vortex was
larger and demonstrated more convection




tendencies but was less distinct as it

passed toward tae crailing.

hotwire data confirmed the

or the leading edge vortex on
wing and allowed quantitative analysis
the tlow. Large velocity tluctuations
were observed when a small, cohesive
vortex was rormed in the vicinity of tne
probe posicion. As otner ianvestigations
Rave snown’:? tne velocities in the
circunmference of the vortex were large
comwpared to the velocities in the core.
The probe velocities at the wingtip were
smaller tnan those seen further 1nboard
because the probe was near tne core ot the
Wlngtip vortex. A liamitation orf tne
hotwire probe was the single wire which
cwuld not record velocity direction but
only magnitude. Tne probe was also limited
tv a position above tne oscillatinyg wing
which would avoid physical contact wicth

The
postiction the

of

tne wing during tne wotion.

The surface pressure medsurements
aillow fartner gquancirication of the tlow
field. The effects of vorrtex position and

veloclty on the wing are plotced as a

in surfice pressure cCoetticirent,
wingtlp, the saall leading edge
were shown to be strong and
large pressure cuerticlent peaks.

varrdaoion
the
vortices
produce

Nedr

These saall may not have been
seased by tne hotwire probe due to the
probe helght above the wing. The pressure
data contirmed tne presence of tne larger
vorcices at more inboard locations aad
ass0crated smaller velocities during
vortex convsection pnase. The 1nboard
vortzx structutes also showed more
Convectlve tendencies than tnose near the
WlngrLip. The pressure coetticrent data
was dependenc on the reduced trequency
osucillation. As k was increased, tne
dagnitude of the pressure coetticients
3150 1nureased. Tne normal force
¢oeriiclents were higner near the
tavredsed witn teduced frequency.

structures

or

root and

Conclusions
Thnis investigation may provide
tne applic:.ron of forced
flows. From the daza collected
using the tirfee rechnlques, we can see
tnat the saailer, forwinyg vortices near
the leading edge produced greater peak
veldscicizs butr artected a swmaller area ot
the wing and thus produced overall smaller
torce coefficients over the wing. The
larger, more inboard leading edge vortices
dttzcted more wiag area and snowed greater
tendencies during the pitching

1asigno into

uasteady

convective
(o4

vale.

Haneuvering aircrate
operate in an arena of unsteady tlows,and
understanaing and controlling tnese flows
can enhaace aircrafr agilicy. One of our
e<perira=ntal aircratt, the ¥X-29, produces
an unsteady flow about the canard as it

necassarily

Qaovs2s 4) times per second to mdaintain
stable flving cnaracteristics. Pressure
Peuks are observed near tne leading edge
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of the canard as it goes through picching
motions?3, Conctrolling this unsteady
phenomenon for lift enhancement may be

feasible on future aircrate.
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